As progression-free survival (PFS) has become increasingly used as the primary endpoint in oncology phase III trials, the U.S. Food and Drug Administration (FDA) has generally required a complete-case blinded independent central review (BICR) of PFS to assess and reduce potential bias in the investigator or local site evaluation. However, recent publications and FDA analyses have shown a high correlation between local site evaluation and BICR assessments of the PFS treatment effect, which questions whether complete-case BICR is necessary. One potential alternative is to use BICR as an audit tool to detect evaluation bias in the local site evaluation. In this article, the performance characteristics of two audit methods proposed in the literature are evaluated on 26 prospective, randomized phase III registration trials in nonhematologic malignancies. The results support that a BICR audit to assess potential bias in the local site evaluation is a feasible approach. However, implementation and logistical challenges need further consideration and discussion.
Introduction
Progression-free survival (PFS) is defined as the time from randomization to either disease progression or death, whichever occurs first. When PFS is the primary efficacy endpoint of a clinical trial, the U.S. Food and Drug Administration (FDA) and other regulatory authorities have generally required a blinded independent central review (BICR) under the assumption that the investigator or local site evaluation could potentially be biased because of the subjectivity in the measurement and interpretation of PFS. However, this approach may lead to more than 30% disagreement at the patient level between the BICR and local site evaluation assessments and/or among the independent reviewers themselves. These disagreements have been attributed to a variety of reasons, including selection of different target lesions by the reviewers (1) . In addition, because treatment is generally changed after local site evaluation-determined progression resulting in no further protocol-specified progression assessments before the BICR is conducted, missing data and informative censoring are limitations of BICR-determined PFS analyses that may result in biased treatment effect estimates (2) . Informative censoring results, when patients declared to have progressive disease by the local site evaluation, are censored by the BICR due to lack of further tumor assessments after local site evaluation-determined progression. Note that local site evaluation assessments may include local radiographic reads and/or other clinical assessments. BICR radiologists are not part of the clinical trial investigation, typically do not have information about clinical assessments, and are blinded to treatment assignment.
The role of BICR was first examined by Dodd and colleagues in 2008 in 6 phase III oncology trials (2) , in which differences between local site evaluation and BICR did not result in different conclusions about treatment efficacy, despite relatively high discrepancy rates at the patient level. The Pharmaceutical Research and Manufacturers of America (PhRMA) PFS Working Group conducted a meta-analysis of 27 trials, which showed that while discrepancies in determining the progression dates were observed on average in 50% of patients, the relative treatment effect as measured by a HR was similar when assessed by either local site evaluation or BICR (3) . To further confirm these results, the FDA conducted a metaanalysis of 28 randomized, phase III trials submitted for review in consideration of approval across 9 nonhematologic malignant tumor types with BICR-and local site evaluation-assessed PFS results reported (4) . Note that there is some overlap of the trials included in the FDA analysis with that of the analyses in Dodd and colleagues 2008 (2) and Amit and colleagues 2011 (3) .
The FDA analysis showed that there existed a high degree of association between local site evaluation and BICR estimates of the PFS treatment effect [r ¼ 0.954, 95% confidence interval (CI): 0.908-0.977]. The overall ratio of HRs (BICR vs. local site evaluation) was 1.03 (95% CI: 0.99-1.07), indicating only a 3% difference between the 2 evaluations. Throughout, a HR less than 1 indicates a treatment effect in favor of the experimental therapy. Subgroup analyses of blinded versus open-label trials, interim versus final analysis results, and first-line versus subsequent line indications all showed similarly high correlations (4) .
Although an inherent measurement error exists in the reading of radiographic scans and disagreements between reviewers at the patient level are commonly observed, regulatory considerations for drug approval are based on the relative treatment effect at the population level. Given that the FDA meta-analysis corroborated the high degree of association between local site evaluation and BICR, PFS treatment effects purported in recent publications, complete-case BICR may not be necessary in many oncology trials. These findings motivate the exploration of a random sample-based BICR audit as an alternative method for bias evaluation to assess whether or not consistency of the treatment effect can be concluded.
The idea behind the audit strategy is to increase our confidence in the local site evaluation results of PFS by conducting a BICR in a random sample of patients. The main saving of such a strategy lies in the situation in which there is no actual bias in the local site evaluation results and only a partial BICR audit is needed to confirm that fact. Other potential benefits include a reduction in trial complexity and burden to investigators and avoidance of some missing data issues. Currently, 2 methods have been proposed in the literature for a random sample-based BICR audit.
In 2011, Dodd and colleagues (5) proposed a 2-stage procedure based on a HR estimator to evaluate the consistency of treatment effect (as measured by a HR) between the BICR-audited assessments and the local site evaluation assessments that is more efficient than the standard estimator based on the audit subset alone. Amit and colleagues (3) proposed a procedure based on differential discordance rates of local site evaluation versus BICR between the treatment and control arms. These 2 approaches will be respectively referred to herein as method A and method B. The objective of this article is to evaluate the performance characteristics of these 2 audit methods.
Materials and Methods
Brief summaries of the 2 audit methods are given below. We refer the reader to the original publications by Dodd and colleagues 2011 (2) and Amit and colleagues 2011 (3) for more details.
The goal of method A is to provide assurance that the local site evaluation PFS treatment effect estimate is unlikely to be substantially biased. Thus, a BICR audit should only be considered when the local site evaluation HR indicates a clinically meaningful and statistically significant effect in favor of the experimental arm. The method is a 2-stage procedure. First, the BICR-based HR is estimated on the audited subset. Audited subjects were selected as a simple random sample from all subjects in the study. If the HR is confirmed to be significant, then the process concludes. If not, then a complete-case BICR is conducted. A more efficient estimator of the BICR HR simultaneously incorporates information from the patient-level local site evaluation data on all cases and the retrospective random sample BICR audit cases. A formula to estimate the audit size is also provided, which depends on the effect size and the minimum important difference (MID). The MID is a threshold value (e.g., HR ¼ 1) used in the proposed 2-stage testing procedure. The upper bound of the confidence interval of the BICR HR estimate is compared with the MID to determine whether consistency of the PFS treatment effect has been verified (5) .
The basis of method B is to use differential discordance as a measure to detect evaluation bias. Two measures are defined in Table 1 : the early discrepancy rate (EDR) is the frequency that the local site evaluation declares progression earlier than BICR and the late discrepancy rate (LDR) is the frequency that the local site evaluation declares progression later than BICR. The differential discordance for each measure is the difference between the rate on the experimental arm and that on the control arm. A differential discordance beyond a certain threshold is suggestive of bias being present in the local site evaluation assessment, although the method does not quantify the uncertainty in estimation of the differential discordance. To implement the method, a threshold of differential discordance that triggers complete-case BICR is required; increasing the threshold decreases the sensitivity of the method to detect bias while improving its specificity to rule it out. Threshold values ranging from 0.075 to 0.100 and BICR audit sizes of 100 to 160 patients were recommended on the basis of simulation studies in Amit and colleagues 2011 (3). A negative differential discordance for EDR and/or a positive differential discordance for LDR are indicative of bias in the local site evaluation result in favor of the experimental arm, which would trigger a complete-case audit. A negative differential discordance for EDR means a higher rate of local site evaluation progressions being called earlier than BICR on the control arm, and a positive differential discordance for LDR means a higher rate of local site evaluation progressions being called later than BICR on the experimental arm (3).
EDR and LDR are calculated as EDR
using the cell values from Table 1 .
The following hypothetical example will be used to illustrate the calculations. For example, in the treatment arm of a study, a total of 90 patients were assessed to have progressive disease by both BICR and local site evaluation (cell 'a' in Table 1) , of which 50 patients had agreement between BICR and local site evaluation on the timing and occurrence of progressive disease (a1), 25 patients had local site evaluation declaring progressive disease later than BICR (a2), and 15 patients had local site evaluation declaring progressive disease earlier than BICR (a3). A total of 30 patients were assessed to have progressive disease by local site evaluation but not BICR (cell 'b' in Table 1 ), and 25 patients were assessed to have progressive disease by BICR but not local site evaluation (cell 'c' in Table 1 ). Seventy patients did not have progressive disease by either local site evaluation or BICR assessments (cell 'd' in Table 1 ). According to the formulas in Table 1 , the corresponding EDR and LDR for the experimental arm are (30þ15)/(50þ25þ25þ30) ¼ 45/120 ¼ 0.375 and (25þ25)/(30þ25þ25þ15) ¼ 50/ 95 ¼ 0.526, respectively. Similar calculations are needed for the control arm. The differential discordance for EDR/LDR would be the difference between arms for each rate.
The performance evaluation of these 2 proposed audit methods is based on 26 randomized, superiority phase III trials submitted for review in consideration of approval in nonhematologic malignancies across 9 tumor types ( Table 2 ). Note that these 26 trials are a subset of the 28 trials included in the FDA meta-analysis reported in Zhang and colleagues (4) with adequate data for evaluation to determine whether a random sample-based BICR audit is a viable alternative to a complete-case BICR with respect to its ability to detect bias in the local site evaluation. As a result of several trials having multiple cohorts or multiple treatment arms, the number of analysis units or randomized comparisons was greater than the number of trials (i.e., 31 instead of 26). Trials with multiple treatment arms were weighted accordingly to account for correlation. Table 3 provides a summary of the performance evaluation strategy and summary measures of the 2 audit methods. Because all trials evaluated had a complete-case BICR conducted, random sample audits are conducted 10,000 times for each trial to assess the performance of method A. Summary measures of the mean audit size, percentage of complete-case audits, and percentage of audits confirming the local site evaluation result (i.e., where consistency of the PFS treatment effect is concluded) out of the 10,000 simulated replicates were obtained. Note that these replicate One trial (#12 in Table 4 ) included both first and second line patients and is double counted here.
audits are conducted for performance evaluation purposes only; in practice, these procedures would be implemented a single time.
For method B, our evaluations calculated the differential discordance for both the EDR and LDR. The audit size was fixed at 160 patients, the maximum audit size recommended by Amit and colleagues 2011 (3); analyses using other audit sizes were also conducted and gave similar results. For each trial, a random sample of 160 patients was drawn and the differential discordances for EDR and LDR were calculated. To assess performance characteristics, the random samples were repeatedly drawn 10,000 times; summary measures of the mean differential discordance values and the percentage of times a complete-case audit was recommended (i.e., bias was detected) out of the 10,000 replicates were obtained for each study. Under method B, a trial was considered to have a biased local site evaluation result, and thus a complete-case audit was recommended, if the differential discordance for EDR or LDR passed the specified threshold value. Table 2 summarizes the level of local site evaluation-BICR discordance between treatment arms across the 26 trials, divided into disagreements on censoring status and the timing of progression given a 7-day window. We see that the discordance rates are around 20% across arms for both categories. Table 4 presents the performance measures for the 2 audit methods for all evaluated trials; these results will be discussed and described in the figures below and summarized in Table 5 . Note that because the audit size for method B was fixed at 160 patients for all studies, no mean audit size was reported. Figure 1 assesses method A by looking into the relationship between the mean audit size for each trial and the upper bound of the 95% CI of the local site evaluation HR estimate. The cluster of circles at mean audit size of 100% are those trials for which complete-case BICR audits were needed in all 10,000 replicates. Those trials all had upper 95% CI bounds of the local site evaluation HR greater than 0.90. This means that, as expected, trials with borderline or nonsignificant local site evaluation results would be recommended complete-case BICR audits.
Results
For all the other trials, the mean audit size decreases with the upper bound. This means that trials with larger, more significant local site evaluation results would obtain the most savings in terms of needing a much smaller audit size (most are below 50%). This general relationship between the mean audit size and the upper CI bound holds true across tumor types (results not shown). Figure 2 assesses method B by looking into the relationship between the HR ratio of BICR versus local site evaluation and the differential discordance for the EDR or LDR. Note that a HR ratio greater than 1 implies an overestimate of the treatment effect by the local site evaluation. Recall that EDR is the frequency that the local site evaluation declares progression earlier than BICR. As explained previously, a negative differential discordance for EDR is suggestive of bias in the local site evaluation result favoring the experimental arm. In support of this rationale, we see that the differential discordance for EDR decreases as the HR ratio increases. This means that, as more local site evaluation progressions are being called earlier than BICR on the control arm, the difference in BICR and local site evaluation HR estimates also increases. The reverse relationship is seen for the LDR because LDR is the complement of EDR. This general relationship between the HR ratio of BICR versus local site evaluation and the differential discordance for EDR/ LDR holds true across tumor types (results not shown). Table 5 summarizes measures from both methods by categorizing the trials with respect to their local site evaluation HR estimate. Of the 12 trials with a large observed local site evaluation-assessed PFS treatment effect (HR 0.5), the median across studies of the mean audit sizes over the 10,000 replicates (in short, the median mean audit size) from method A was 35% and the local site evaluation was confirmed in all 10,000 replicate audits for all 12 trials (i.e., consistency of the treatment effect was concluded for all replicates). This indicates very little (if any) loss in power from the 2-stage procedure of method A. Of the same 12 trials, the mean across studies of the proportion of times a complete-case audit was recommended over the 10,000 replicates from method B was 43% and 37% for threshold values of 0.075 and 0.100, respectively. A complete-case Percentage of 10,000 audit replicates (whether partial or CC) per study in which consistency of the PFS treatment effect is concluded (i.e., the local site evaluation result is confirmed).
c Percentage of 10,000 replicate audits per study for which CC audit is recommended (i.e., DD in EDR audit is recommended for a study if the differential discordance in EDR is less than the negative of the threshold value or the differential discordance in LDR is greater than the threshold value. For smaller treatment effects (HR > 0.75), only 2 of the 8 trials resulted in all 10,000 replicate audits confirming the local site evaluation for method A and the median mean audit size was 100%. It should be noted that, for most trials, either all 10,000 replicate audits confirmed the local site evaluation or none did. Whereas there is an intuitive trend in decreased savings (larger median mean audit sizes) using method A as the observed local site evaluation treatment effect becomes smaller, no such trend was seen for method B as the mean proportion of times a complete-case audit is recommended stayed fairly constant across the HR categories.
Case Studies

Carcinoid study
One trial with evaluation bias present was the carcinoid trial (study 26 in Table 4 ), which was discussed by the Oncologic Drug Advisory Committee (ODAC) in April of 2011 (6) . This was a phase III, randomized (1:1), placebo-controlled study of everolimus for the treatment of patients with unresectable or metastatic carcinoid tumor. The primary endpoint was PFS by BICR. At the second interim analysis, an unprecedented discordance of the PFS treatment effect was observed between the local site evaluation and BICR. The local site evaluation PFS result (HR ¼ 0.78; P ¼ 0.003) crossed the efficacy boundary of P ¼ 0.010, whereas the BICR PFS result (HR ¼ 0.93, P ¼ 0.233) crossed the futility boundary of P ¼ 0.175. The boundary P values are the significance levels to conclude either efficacy or futility, while preserving the type I and II errors, respectively. Clearly, some bias was present in this trial. The HR ratio was 1.19. Given that the local site evaluation and BICR gave such divergent views of efficacy, it was of particular interest how the 2 audit methods would perform for this study. Table 6 summarizes the discordance between arms with respect to censoring status, progression time, and censoring time. We see some discrepancies between the 2 arms. For method A, 100% of the 10,000 replicates resulted in complete-case audits with 0% being able to verify the consistency of the treatment effect. For method B, however, only 32.7% and 22.1% of the 10,000 replicates recommended a complete-case audit for threshold values of 0.075 and 0.100, respectively, to Median across studies of the mean over 10,000 replicates for each study. Number of studies for which all 10,000 replicate audits concluded consistency of the PFS treatment effect (i.e., confirmed the local site evaluation result).
d
Mean across studies of % complete-case (CC) audit is recommended of 10,000 replicate audits; a CC audit is recommended for a study if the differential discordance (DD) in EDR is less than the negative of the threshold value or the DD in LDR is greater than the threshold value. support the conclusion that bias may be present. Note that the fixed audit size of 160 was 37% of the total number of patients.
Soft tissue sarcoma study
To illustrate the potential savings in audit size, another case study is presented (study 22 in Table 4 ), which was discussed by the ODAC in March of 2012 (7) . This was a phase III, randomized (1:1), placebocontrolled, maintenance trial of ridaforolimus in 711 patients with soft tissue sarcoma (STS). The final local site evaluation and BICR PFS HR estimates were 0.72 and 0.76, respectively, with a HR ratio of 1.06. Table 6 summarizes the discordance between arms for this study, which seems fairly balanced. For method A, only 28% of the 10,000 replicates resulted in complete-case audits with 100% verifying consistency of the treatment effect. The mean audit size was 48%, a savings of over 50% in audit size.
For method B, the fixed audit size of 160 was 23% of the total number of patients. Of the 10,000 replicates, 51.7% and 41.4% recommended a complete-case audit for threshold values of 0.075 and 0.100, respectively, to support the conclusion that bias may be present. This was largely due to increased LDR discrepancies, as 2.0% and 41.4% of the 10,000 replicates resulted in differential discordance values for EDR and LDR, respectively, exceeded a threshold of 0.100. Thus, there is quite a bit of variability in the differential discordance for LDR making it difficult to determine whether or not bias was present in this study using method B.
Discussion
Although measurement error is inherent in the reading of radiographic scans, regulatory considerations for drug approval are based on the relative treatment effect at the population level. Given that multiple publications (2-4) have corroborated the strong correlation between local site evaluation-and BICR-assessed PFS treatment effect estimates, there is a need for the exploration of alternative strategies to detect bias in the local site evaluation. The results of the analyses presented herein support that a random sample-based BICR audit is a viable alternative to a complete-case BICR and may be a more efficient strategy for bias evaluation of the local site evaluation. Note that, although there is general agreement, in one study reported here (study 26 in Table 4) , there were divergent conclusions depending on the choice of local site evaluation and BICR, justifying a continued need for BICR to provide assurance about the local site evaluation-based treatment effect. Method A seems to perform well in most situations; that is, it seems able to distinguish between trials with and without bias present. The savings with respect to audit size varies from case to case, depending on the study size and magnitude of the observed local site evaluation PFS treatment effect; larger effect sizes and/ or studies typically require smaller audit proportions. Method B is intuitively appealing, but needs further evaluation, particularly with respect to determination of the appropriate threshold value. Potential reasons for its variable performance that need further evaluation include loss of important information due to dichotomization and ignoring patients who were censored by both the local site evaluation and BICR (cell "d" in Table  1 ) in the definition of EDR and LDR. Method B counts discordances but not how far apart they are. For example, with the LDR, the local site evaluation could call progressive disease right after BICR or a long time after. If the late discrepancies occurred in the control arm many visits after BICR, this would produce more significant bias in the HR estimate. On a similar note, we could have a relatively small number of late discrepancies, but if they occur very late, then this would produce greater bias in the HR estimate.
Although real-time BICRs are becoming more prominent with advances in modern digital technology, all the studies included in the analyses presented herein did not have realtime BICRs. It should be noted that real-time BICR would ameliorate bias concerns due to informative censoring, but does not alleviate potential bias due to the subjectivity inherent to the PFS endpoint.
We acknowledge that the studies included in this analysis are limited to registration trials that all had complete-case BICR and may not be representative of the population of all clinical trials conducted. However, they are representative of the clinical trials that are generally submitted to the FDA for regulatory consideration and for which BICRs are usually required.
An ODAC meeting was held in July 2012 to discuss whether the current practice of complete-case BICR should be replaced by a random sample-based BICR audit, based on the information and analyses presented herein (8) . All committee members agreed that a random sample-based BICR audit should be considered; however, the potential merits must be viewed in tandem with the potential limitations and challenges. They also advised against the complete elimination of BICR, which could jeopardize the integrity of the local site evaluation.
Although these analyses have showed that a BICR audit to assess potential bias in the local site evaluation is a feasible approach, the logistics of how the audit should proceed need further discussion and consideration. The method of selecting the random sample audit needs to be determined; a simple random sample audit may not be sufficient, for example, to ensure representation of all study sites. Efforts should also be made to minimize any additional burden that the audit may cause the investigator or sponsor without compromising the integrity of the study. Selection of the actual audit strategy to implement within a trial may need to be determined on a caseby-case basis. Although we focused on 2 methodologies, we expect that other approaches will become available for consideration in the future.
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